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SYNOPSIS: A series of shaking table tests ~ere conducted to clarify the compaction effects of pile 
driving on sandy so~ls,and to investigate the failure mechanism of pile foundation in liquefiable 
soils. The tests sho~ed that the soil in piled zone ~as densified so greatly that it became 
nonliquefiable after pile driving. The pore pressure ratios ~ithin this zone ~ere far lo~er than 
unit.The settlements of pile foundation were mainly caused by the movement of soil beneath pile tips 
to the liquefied zone ~hich ~as outside the piled zone. The failure patterns of pile foundation ~ere 
rather like the Meryerhoff's general shear failure. 
INTRODUCTION 
As it is kno~n that the densification effect of 
pile driving on sandy soil is obvious, and it is 
quite possible that the liquefiable soil in 
piled zone is densified so greatly that it may 
no longer liquefy if there are enough piles and 
proper pile spacing. This fact has been commonly 
accepted and have inspired some initiative 
engineers to guide their designing in a fe~ 
projects.There are several multiple story and 
high-rise buildings here in China<Ten,Qiao,l987l 
supported by piles to prevent possible 
liquefaction. The SPT values after pile driving 
sho~ed that the sandy so i 1 in pi 1 ed zone had 
become non-liquefiable. Some successful cases 
like~ise had been reported in US and India as 
~ell. Ho~ever,so far little reports have been 
seen on case histories of pile foundation in 
liquefiable soil tested by earthquake, and also 
there are not enough test materials available on 
the behaviors of pile group in liquefiable 
soil.Therefore it is necessary to carry out 
further investigations and to develop standards 
to guide the pile designing. 
The aim of this paper is to clarify ~hether 
soil in piled zone no longer liquefy and 
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A series of model pile foundation tests as shown 
in Fig.l ~ere conducted on shaking table.The 
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Pig.1 Model ground and pile foundation 
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model piles,l em in diameter,30 em in length.~as 
made of aluminum. Pile spacing ~as 3 em. The 
length of model foundation,along ~hich there ~ere 
9 ro~ piles.~as about the same as the ~idth of 
box containing the models in order to imitate the 
plain strain problem. Three types of model 
foundations supported by 3x9,5X9,and 9 x 9 piles 
were tested. 
The material used for making model ground ~as 
fine sand of ~hich specific gravity ~as 2.68, 
maximum and minimum void ratios ~ere 0.85 and 
0.42 respectively. The grain size distr1butiun is 
sho~n in Table 1. 
The model ground ~as prepared with the f~llo~ing 
procedure:firstly fill the box ~ith ~ater to a 
certain level,then pour the sand through a 
spreader into box to form uniform deposit. Enough 
interval was given to allo~ the completion of 
consolidation of saturated deposit under self-
~eight. A set of marking lines were made with 
white arenaceous quartz along one of transparent 
side ~alls of box in order to observe soil 
movement of model ground. 
The first model pile ~as inserted into the model 
ground at center of foundation. The rest piles 
~ere inserted one by one symmetrically. The soil 
~as so spongy that it was quite easy to press 
piles down. The pore pressure rose during "pile 
driving",but dissipated right a-.·ay. Rather than 
swelling, a little subsidence was observed at 
surface of model ground,indicatng that total 
volume of piles had contributed to the 
densification of soil in piled zone. 
The void ratio of soi 1 before<e. J and after<el 
pile installation are shown in Table 2. The 
former ~as decided according to the ~eight of dry 
sand poured into the box and the volume of soil 
filled in the box. While the latter was estimated 
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The average pressures on the bottom of pile cap 
were approximately 3.91KPa, accordingly the load 
allotted to each pile is about 3.6N. It is 
difficult to calculate the additional stresses 
of soil in piled zone due to the complexity of 
load transfer mechanism of pile. In order to 
estimate the extent of liquefaction of soil, the 
following assumptions were made: 
l) Because the model ground was extremely loose 
a ideal friction pile ,,;as assumed. Therefore all 
the load carried by a pile was transferred to 
soil via frictional forces. 
2) The frictional forces of a pile is 
distributed uniformly along the pile shaft. 
3> The pile group was considered as a deep 
foundation,whose area is same as that of pile 
cap. 
Based on the assumptions,additional stresses 
under the pile load were calculated and shown 
in Table 2.Jt can be seen from the table that 
the additional stresses at measuring point 1,2 
and 3 were greater than self-weight stresses at 
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A series of pile bearing capacity tests showed 
that the ultimate bearing capacity of a pile was 
approximately 8N,over two times of working load 
of a pile<3.6Nl. So safety factor of a pile was a 
little over 2 if without considering 
liquefaction. 
Shaking tests were conducted after the completion 
of consolidation of soil under static load. 
Liquefaction was supposed to be happened when the 
excess pore pressures rose to or over effective 
overburden pressures, or sand boiling was 
observed.The vibration intensity was increased 
gradually until soil liquefied and considerable 
settlements induced. 
TEST RESULTS AND ANALYSIS 
The excess pore pressures,settlements of pile 
foundations and accelerations measured from three 
tests were shown in Fig.2,3,4 'respectively. The 
common phenomena can be seen from these results 
as f 0 ll OWS: 
1. The maximum excess pore pressures in piled 
zone<point 1,2) are nearly the same as those 
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Fig.2 Test results vith 9"'9 pile9 ?ig.3 Test results vith ~)1.9 piles Fig.4 Test results vith 3~9 piles 
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outside piled zone(point 10,11) at the same 
elevations. However,the pore pressure 
ratio<ratio of pore pressure to the effective 
vertical stress) in piled zone was much lower 
than that outside piled zone. While the pore 
pressure ratios in free field rose up to 
unit,those of piled zone was still as low as 
about 0.5. It means that "''hen the soil in free 
field experienced liquefaction, the soil in 
piled zone ... ·as still far a ... ·ay from liquefaction. 
This conclusion can also be ascertained by the 
fact that the marking lines in piled zone 
remained clear and deformed very slightly after 
shaking,while those outside the piled zone 
became obscure and badly deformed due to soil 
liquefactionCas shown in Fig.5). 
Fig.? Marking lines after Jique!Rotion (3>.9 pile group) 
2. The peak pore pressure at point 3 which is 
located below the piled zone occurred during 
suddenly subsiding of pile foundation <Fig.2e,3e 
,4e>. The sudden extruding force on soil below 
piled zone taking place during subsiding of pile 
foundation might be the reason of appearance of 
peak pore pressure. The comparison between 
maximum pore pressure in Fig.2a,3a,4a and the 
initial effective stresses al point 3<Table 2> 
showed the excess pore pressure ratios were 
ranging from 0.55 to 0.85, indicating that the 
soil below piled zone had not liquefied either. 
3.From settlement-time curves of pile 
foundations<Fig.2e,3e,4e> three periods may be 
divided by different rates of settlement : the 
first period(from A to B in the settlement-time 
curve> ,only small settlement observed; the 
second period<from B to CJ,dramatical settlement 
taking place;the third period<beginning from 
Cl,in which the settlement developed slowly and 
tended to stop. The three periods showed good 
relations with the build-up of excess pore 
pressures,but not so good related with the 
accelerations. So long as pore pressure had no 
further development,the settlements would tend 
to stop. As shown in Fig.4e after its peak 
appeared the pore pressure remained constant in 
spite of continuous increase of shaking 
intensity,and the trend of settlement did not 
change even when the shaking ceased. It seems 
that the extent of excess pore pressure 
development decides the state of soil resistance 
and the magnitude of settlement of foundation. 
And the settlement would tend to stop when the 
load of foundation is balanced by the resistance 
of underlying soil. 
From the Fig.2,3,4 it can be seen that 
foundation began to settle sharply as soon as 
the free field<at point 10,11,12> approached to 
the state of liquefaction. For the sake of 
safety,the intersection of first and second 
period in S-t curve<point B> was regarded as the 
ultimate state of bearing capacity of liquefied 
ground,and accordingly the excess pore pressure 
ratios in free field were from 0.5 to 0.8. 
Therefore it may be reasonable to conclude that 
as long as the excess pore pressures were kept 
below 50 to 80 percent of the effective 
overburden pressures in free field,there would be 
no significant settlement occurred. This is quite 
similar to the results previously obtained from 
the model tests for shallow foundations on 
liquefiable soil<Chen,l986> 
Third period in curve corresponds to the latter 
development of settlement and the excess pore 
pressure dissipate completely. The settlement 
produced in this period,far smaller than that in 
the second period, is mainly resulted from 
deformation of reconsolidation of liquefied soil. 
Fig.6 showed the displacements of marking points· 
in soil relative to the bottom of foundations 
before and after shaking. In the piled zone no 
obvious displacements were observed, however in 
the region beneath piled zone considerable 
displacements was observed. The direction of 
displacements were usually upward and outward. 
This indicated that the settlements of pile 
foundations were mostly contributed by the soil 
beneath piled zone. 
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4 . No o b v i o us i n c I i n a t i o ns o f p i I e found a t i on were 
observed in the direction of vibration. But some 
differential settlements of foundation were 
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observed in the direction perpendicular to 
vibration, which may be rather because of the 
ununiformity of underlying ground than of the 
dynamic bending moment. The dynamic bending 
moments and dynamic horizontal forces of pile 
foundations may be estimated according to the 
mass of model structures<incl. foundationl,their 
gravity centers and peak accelerations<Table 3J. 
Table 3 
Numbers of pi I es 9:<.9 5;~<.9 
Dynamic force of horizon 0.32W 0.32\r.! 
dynamic eccentricity 0. 168 0.168 
Notes: w-we1ght of model sltucture 




It can be seen from Table 3 that although dynamic 
horizontal forces and eccentricities were so 
large, still no obvious horizontal displacements 
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This phenomenon is quite agreed with the 
analytical results and also is confirmed by the 
earthquake damages observed in investigations. 
The peak accelerations of pile foundations 
appeared earlier than the maximum excess pore 
pressures<Fig.3,4l.The resonant frequencies of 
pile foundations were 5Hz for 5 row pile model 
and 4.5Hz for 3 ro,.,· pile model. They all 
occurred before soil liquefaction, the excess 
pore pressure ratios measured meanwhile in the 
free field ranged from 0.3 to 0.5. The 
appearance of resonant response might be 
attributed to the instantaneous coincidence of 
the input frequency with the predominant 
frequency of softened ground. 
6.There may exist two types of failure mechanism 
of pile foundation in liquefied soil:ll General 
a) General failure b) Single pile failure 
failure<Fig.7al, pile foundation acts like a 
deep foundation. Because of liquefaction of soil 
outside the piled zone,the soil supporting pile 
foundation partially loses lateral restraint,and 
consequently large lateral displacements induced 
in the zone beneath piles,leading the subsidence 
of whole pile foundation. 2) As shown in 
Fig.7b,the soil in piled zone liquefied before 
the soil beneath piles,so that pile punches into 
soil. This type of failure may be referred as 
single pile failure. From Fig.5 we can see that 
the failure mechanism of pile foundation in the 
tests is belong to the first type,i.e.,general 
failure of pile foundation. 
The densification effect of piling and greater 
effective stresses made stronger soil in piled 
zone to resist Jiquefaction.Although some extent 
of excess pore pressures in piled zone would 
result in the reduction of bearing capacity of 
single pile, but this is not major reason of 
pile foundation failure even under the test 
conditions in which very loose sand still exists 
under th~ piles. The pile foundation failure is 
most likely due to the drop of bearing capacity 
of subsoil supporting piles. 
It could be deduced from the test results that 
if soil below the piles is non-liquefiable and 
there is extra bearing capacity in reserve for a 
pile<safety factor about 2 as usuall,the pile 
foundation would remain safe in spite of the rise 
of excess pore pressure. There should have been 
probably no bearing capacity problem for pile 
foundation. This deduction is well agreed with 
the phenomenon noticed in seismic damage 
investigations. 
CONCLUSIONS 
Based on test results it may be preliminarily 
concluded as follows: 
1. The loose liquefiable soil in piled zone might 
be compacted to medium or dense in density due to 
pile driving,and would not liquefy under the 
following test conditions: horizontal 
accelerations were 200 to 600 Gal., piles were 
driven or jacked into soil,pile spacing was about 
3 times of the diameter of a pile,pile rows 
excelled 3,and safety factor under static load 
was no less than 2. 
2.lt seemed that the reasons of no liquefaction 
occurrence for soil in piled zone were the 
improvement of density in result of piling,the 
more effective stresses transferred from pile 
shaft and the restriction of piles to the 
deformations of soil. 
3. The failure of pile foundations in liquefiable 
soil was mainly because of liquefaction of soil 
outside the piled zone and of the strength 
reduction of subsoil below piles. The settlement 
of pile foundation was caused mainly due to the 
lateral displacement of subsoil below piles. So 
it is of great importance to drive piles into 
non-liquefiable soil. 
4.Neither considerable horizontal displacements 
nor tilts of pile foundation in vibration 
direction were observed. But great vertical 
displacements(settlementsl were induced under the 
combination of vertical static and dynamic 
forces. 
5. The peak response of pile foundation appeared 
earlier than the beginning of soil 
liquefaction.Liquefied soil helped reduce 
vibration influence on the pile foundations as it 
did for shallow foundationCChen,l986). 
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